Introduction
============

Gastric carcinoma is one of the most common cancers and the second most frequent cause of cancer-related deaths.[@b1-ijn-9-3987] Although surgery is a preferred method of gastric carcinoma removal, it cannot remove the tissue completely and is required to be supplemented by multidrug chemotherapy and/or radiation as preferred treatment of choice. Etoposide (VP16) is an important chemotherapeutic agent that has been widely used to cure various cancers such as small-cell lung cancer, testicular cancers, and lymphomas.[@b2-ijn-9-3987]--[@b4-ijn-9-3987] It inhibits the activity of topoisomerase II and causes DNA double-stranded breaks through the formation of a cleavage complex containing DNA--drug--enzyme.[@b5-ijn-9-3987] However, owing to low solubility, drug resistance, and poor bioavailability, the therapeutic efficacy of VP16 is limited.[@b6-ijn-9-3987]--[@b8-ijn-9-3987] Therefore, an efficient drug delivery system is desired to overcome these drawbacks and improve the clinical therapy effects.

Nanoparticles (NPs) are emerging tools that have demonstrated great advantages in the delivery of lipophilic drugs, through: 1) dissolution of drugs in aqueous solution above their solubility limit; 2) stabilization of drugs; and 3) overcoming multidrug resistance.[@b9-ijn-9-3987],[@b10-ijn-9-3987] Besides, drug carriers in the range of 10--200 nm can passively accumulate in tumor areas through the leaky vasculature via the enhanced permeability and retention effect.[@b11-ijn-9-3987],[@b12-ijn-9-3987] Solid lipid nanoparticles (SLNs), synthesized with different types of physiological lipids, have attracted increasing attention as a promising drug delivery system because of their unique physicochemical and biological properties, including small size, good biocompatibility, the ability to protect labile compounds from chemical degradation, and the sustained release of drugs.[@b13-ijn-9-3987]--[@b15-ijn-9-3987] Importantly, the physiological lipids and surfactants involved in the synthesis of SLNs have been approved by the Food and Drug Administration through the Generally Recognized as Safe rules and are used in clinical applications.[@b16-ijn-9-3987] They have been increasingly appreciated as potential drug carriers, particularly for poorly water-soluble drugs.[@b17-ijn-9-3987]--[@b20-ijn-9-3987] The delivery of podophyllotoxin by SLNs for enhancing the apoptosis of HeLa cells has already been reported by our group.[@b21-ijn-9-3987]

In the present study, we tried to prepare VP16 loaded SLNs (VP16-SLNs) to enhance antitumor activity. VP16-SLNs were prepared using the emulsification and low-temperature solidification method.[@b22-ijn-9-3987]--[@b25-ijn-9-3987] The physicochemical properties of VP16-SLNs including particle-size analysis, zeta potential measurement, drug loading (DL), drug entrapment efficiency (EE), stability, and in vitro drug release behavior were characterized. We hypothesized that the anticancer activity of VP16-SLNs would be different from free drug; thus, the in vitro cytotoxicity as well as the effect on cell apoptosis and cell cycle with SGC7901 cells were further investigated. Finally, assessment of the mechanisms of action against SGC7901 cells was conducted. The results showed the promise of potential applications of delivering VP16 as solid lipid nanoparticles for gastric carcinoma therapy.

Materials and methods
=====================

Materials
---------

Etoposide (≥98%), dimethyl sulfoxide, MTT formazan, and polyoxyethylene (40) stearate were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Stearic acid, lecithin, Tween-20, and chloroform were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, People's Republic of China). Deionized purified water was prepared in the laboratory and other reagents were all analytical grade. RPMI-1640, fetal calf serum, penicillin G, streptomycin, and trypsinase were obtained from Thermo Fisher Scientific (Waltham, MA, USA).

Preparation of VP16-SLNs
------------------------

VP16-SLNs were prepared by emulsification and low-temperature solidification method. Briefly, 0.2 g stearic acid, 0.1 g lecithin, and a certain amount of VP16 were dissolved in 10 mL of chloroform in a glass flask by ultrasound to form the organic phase. The aqueous phase was composed of 0.2 g polyoxyethylene (40) stearate dissolved in 30 mL of Millipore water. The organic phase was then injected into the aqueous phase, and the mixture was stirred at 1,200 rpm at 75°C for approximately 1.5 hours until the organic solvent completely disappeared and the system volume condensed to about 5 mL. The condensed system was then quickly added to another 10 mL of cold water and stirred at 1,200 rpm for 2 hours at the temperature of 0°C--2°C. The resultant suspension was centrifuged at 20,000 rpm to remove the supernatant. The acquired precipitate was sufficiently mixed with about 30 mL of double-distilled H~2~O and centrifuged at 20,000 rpm. Finally, the pellet was resuspended in Millipore water, refrigerated under -80°C for 4 hours, and lyophilized in a tabletop lyophilizer. The blank carriers (SLNs) were prepared without the addition of VP16, and other experimental parameters were similar to the VP16-SLN sample.

Particle size and zeta potential analysis
-----------------------------------------

Particle size and zeta potential of prepared VP16-SLNs were determined using a Malvern Nano-ZS 90 laser particle size analyzer (Malvern Instruments, Malvern, UK). All of the measurements were performed in triplicate.

Transmission electron microscopy (TEM) analysis
-----------------------------------------------

The morphology of VP16-SLNs was observed under a transmission electron microscope (JEOL 1230; JEOL, Tokyo, Japan). VP16-SLNs were diluted with distilled water and placed on a copper grid covered with nitrocellulose. The sample was negatively stained with 2% (w/v) sodium phosphotungstate and allowed to air-dry.

Ultraviolet-visible (UV-vis) spectral and Fourier-transform infrared (FTIR) spectral study
------------------------------------------------------------------------------------------

The presence of VP16 in the core of SLNs was examined by UV-vis spectra and FTIR. UV-vis spectra were measured on a Cary 50 UV-visible absorbance spectrophotometer (Varian, Palo Alto, CA, USA). FTIR was obtained on a Bruker Vector 22 (Bruker Corporation, Billerica, MA, USA) spectrophotometer in the range of 500--4,000 cm^−1^ using the standard KBr disk method (sample: KBr =1:100).

X-ray powder diffraction analysis
---------------------------------

X-ray powder diffraction measurements were performed in order to characterize the crystallographic structure of the VP16-SLNs, VP16, and SLNs. The patterns were carried out with an X-ray diffractometer (D8 Advance; Bruker Corporation) in the range of 5°--70°. The measurements were performed at a voltage of 40 kV and 25 mA.

Determination of drug loading and entrapment efficiency
-------------------------------------------------------

The amount of entrapped VP16 was determined by UV-vis spectrophotometer. A sample containing a standard weight of VP16-SLNs was dissolved by adding a specific amount of ethanol. After the sample was completely dissolved, the concentration of the VP16 was determined with a UV-vis spectrophotometer. The selected wavelength for VP16 measurement was 285 nm. The concentration of the VP16 was calculated according to an already-obtained calibrating curve (absorbance =0.00754\[VP16\]--0.00873, *r* =0.99991). The DL% and EE% are calculated as follows: $$\text{DL}\% = \frac{\text{Weight~of~VP}16\text{~in~VP}16\text{-SLNs}}{\text{Weight~of~VP}16\text{-SLNs}} \times 100\%;$$

and $$\text{EE}\% = \frac{\text{Weight~of~VP}16\text{~in~VP}16\text{-SLNs}}{\text{Weight~of~VP}16\text{~fed~initially}} \times 100\%.$$

Sedimentation study in phosphate-buffered solution (PBS)
--------------------------------------------------------

A total of 10 mg of VP16 was placed in a centrifugal tube of 15 mL and resuspended with 10 mL of PBS (0.01 M, pH 7.4). The tube then stood for over 6 hours after vortexing for 1 minute. Photographs of the sample were taken at 10 minutes, 3 hours, and 6 hours. Other samples were studied in the same way. Based on the DL, the same quantity of VP16 was applied to all formulations for the sedimentation study.

In vitro drug release
---------------------

The in vitro release pattern of VP16 from VP16-SLNs was studied using the dialysis membrane method.[@b26-ijn-9-3987],[@b27-ijn-9-3987] In detail, 20 mg of VP16-SLNs dispersed in 12 mL PBS solution was transferred to a dialysis bag (cutoff size 14 kDa). The bag was dipped into 200 mL PBS at pH 7.4 at 37°C in a shaking water bath at 100 rpm. Samples were withdrawn from the receptor medium with replacement at indicated time intervals of up to 60 hours. The VP16 concentrations in the released samples were analyzed by UV-vis spectroscopy, as described above. The release experiments were performed in triplicate.

MTT assay
---------

The cell viability was estimated by MTT assay.[@b28-ijn-9-3987],[@b29-ijn-9-3987] SGC7901 cells were seeded in 96-well plates at a density of 1.0×10^4^ in 100 μL of medium per well. After 24 hours of incubation, quadruplicate wells were treated with plain SLNs, VP16, and VP16-SLNs at the concentration of 5, 10, 20 and 40 μg/mL. The plates were incubated at 37°C in 5% CO~2~ for 24 hours and 48 hours respectively. A control experiment was performed under the same conditions but without cell treatment. After treatment, a total of 20 μL (5 mg/mL) of MTT dye solution was added to each well before the cells were incubated for 4 hours at 37°C under a light-blocking condition. The medium was then removed and 150 μL of dimethyl sulfoxide was added into each well. Absorbance was measured at 492 nm (OD~492~) using an ELx800 reader (BioTek Instruments, Inc, Winooski, VT, USA), and viability of SGC7901 cells was calculated using the following equation: $$\text{Cell~viability}(\%) = \frac{\text{OD}_{492}(\text{test}) - \text{OD}_{492}(\text{blank})}{\text{OD}_{492}(\text{control}) - \text{OD}_{492}(\text{blank})} \times \text{1}00\%.$$

DNA agarose gel electrophoresis
-------------------------------

Apoptosis was assessed by the electrophoresis of extracted genomic DNA from cells.[@b30-ijn-9-3987] SGC7901 cells were seeded in 100 mm cell culture dishes at a density of 2.0×10^6^ cells in 10 mL of medium per dish. After 24 hours of incubation, cells were treated with plain SLNs, VP16, and VP16-SLNs at a concentration of 20 μg/mL for 24 hours. A control experiment was performed under the same conditions but without cell treatment. Genomic DNA of cells was extracted using a cell genome DNA extraction kit purchased from KeyGen Biotech, Co. Ltd. (Nanjing, People's Republic of China). Then, a certain amount of genomic DNA (4,000 ng) was mixed with loading buffer and electrophoresed in 1.8% agarose gel at 80 V for 2 hours in a mixture of tris base, acetic acid, and ethylenediaminetetraacetic acid buffer.

Hoechst 33342 staining of cells for nuclear morphology
------------------------------------------------------

Apoptotic nuclear morphology was assessed by Hoechst 33342 staining.[@b31-ijn-9-3987] SGC7901 cells were seeded in glass bottom dishes (In Vitro Scientific, Sunnyvale, CA, USA) at a density of 2×10^5^ cells per dish. After 24 hours of incubation, cells were treated with a concentration (20 μg/mL) of plain SLNs, VP16, and VP16-SLNs. After 24 hours treatment, cells were washed with PBS (pH 7.4) and stained with Hoechst 33342 solution at 4°C for 30 minutes. Apoptotic nuclear morphology was observed with a confocal laser scanning microscope (FV1000 Fluoview; Olympus Corporation, Tokyo, Japan).

Apoptotic cell determination by annexin V/propidium iodide (PI) staining assay
------------------------------------------------------------------------------

The apoptosis analysis was also determined by annexin V-fluorescein isothiocyanate (FITC) and PI double staining.[@b32-ijn-9-3987] Briefly, SGC7901 cells were seeded in 12-well plates at a density of 1.0×10^6^ cells per well. After 24 hours of incubation, cells were exposed to a concentration (20 μg/mL) of plain SLNs, VP16, and VP16-SLNs. After 24 hours incubation, the cells were trypsinized and collected by centrifugation. The cells were then washed twice with PBS and resuspended in 500 μL binding buffer. Then, 5 μL Annexin V-FITC and 10 μL PI solution were added after incubation in the dark at room temperature for 15 minutes, according to manufacturer's instructions. Cell apoptosis was analyzed using a Becton--Dickinson flow cytometer (Becton, Dickinson and Company, Mountain View, CA, USA).

Cell cycle phase analysis
-------------------------

Cell cycle distribution based on the DNA content was determined as previously described.[@b33-ijn-9-3987] SGC7901 cells were seeded in 12-well plates at a density of 1.0×10^6^ cells per well. After 24 hours of incubation, cells were treated with a concentration (20 μg/mL) of plain SLNs, VP16, and VP16-SLNs for another 24 hours. After being washed twice with PBS, cells were harvested and collected by centrifugation at 1,000 *g* for 5 minutes, followed by fixing in ice-cold 70% ethanol at 4°C overnight. Then, cells were collected by centrifugation and stained with 500 μL of PI stain solution (20 g/mL PI, 8 g/mL ribonuclease) for 30 minutes at 37°C (protected from light), followed by analysis with a Becton--Dickinson flow cytometer (Becton, Dickinson and Company). The cell distribution in phases of SubG1, G0/G1, S, and G2/M were measured and the results were calculated using Flow Jo software (version 7.6) purchased from Emerald Biotech, Co, Ltd. Hangzhou, People's Republic of China.

Determination of mitochondrial membrane potential (ΔΨ)
------------------------------------------------------

The loss of mitochondrial membrane potential (ΔΨ) is a hallmark for apoptosis. It is an early event preceding phosphatidylserine externalization and coinciding with caspase activation.[@b34-ijn-9-3987],[@b35-ijn-9-3987] Mitochondria depolarization was measured using JC-1 by a switch from the red to green fluorescence. SGC7901 cells were treated with a concentration (20 μg/mL) of plain SLNs, VP16, and VP16-SLNs for 24 hours. Then, the changes in mitochondrial membrane potential (ΔΨ) were investigated by JC-1 apoptosis detection kit purchased from KeyGen Biotech, Co. Ltd. For confocal study, the treated cells were washed twice with PBS (pH 7.4) and incubated with JC-1 working solution. After being stained for 20 minutes at 37°C in 5% CO~2~ humidity, the cells were washed with 1× incubation buffer and imaged under a confocal laser scanning microscope (FV1000 Fluoview; Olympus Corporation). For fluorescence-activated cell sorting (FACS) study, the treated cells were washed twice with PBS (pH 7.4) and collected by centrifugation, followed by incubating with JC-1 working solution for 20 minutes at 37°C in 5% CO~2~ humidity. Then, the cells were resuspended in 500 μL 1× incubation buffer and analyzed using the Becton--Dickinson spectrophotometer (Becton, Dickinson and Company).

Cellular uptake study
---------------------

For cellular uptake study, confocal microscopy was used. SGC7901 cells were seeded in glass bottom dishes (In Vitro Scientific) at a density of 2×10^5^ cells per dish. After 24 hours of incubation, cells were treated with a concentration (20 μg/mL) of free FITC-VP16 and FITC-VP16-SLNs. After 1, 4, and 8 hours' incubation, the cells were washed thrice with PBS (pH 7.4) to remove excess FITC-VP16-SLNs and incubated with nuclear stain 4′,6-diamidino-2-phenylindole (DAPI) for 30 minutes at room temperature. Then, the cells were viewed and imaged under a confocal laser scanning microscope (FV1000 Fluoview; Olympus Corporation) equipped with an oil immersion objective (60×; Olympus Corporation). Fluorescence images were obtained at an excitation wavelength of 488 nm (FITC) and 405 nm (DAPI) with an argon laser using FITC filter (Ex 488 nm, Em 500--600 nm).

Western blot analysis
---------------------

Western blot was performed using methods provided by Mohanty and Sahoo.[@b36-ijn-9-3987] p53, cytochrome c, caspase-9, caspase-3, and caspase-7 antibodies were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Briefly, SGC7901 cells were treated as described for the cell cycle phase analysis. Then, the cell protein lysates were extracted using a total protein extraction kit (KeyGen Biotech, Co. Ltd.). The protein content was determined with the bicinchoninic acid protein assay reagent (KeyGen Biotech, Co. Ltd.). Equal amounts of protein (20 μg) from each sample were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrotransferred to a polyvinylidene fluoride (PVDF) membrane (EMD Millipore, Billerica, MA, USA). Nonspecific binding was blocked by incubation with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 hour at room temperature. The blots were probed with primary antibodies against p53, cytochrome c, caspase-9, caspase-3, caspase-7, and β-actin at 1:1,000 dilutions at room temperature overnight and then washed three times with TBST. The blots were incubated with secondary antibody for 30 minutes, washed again three times with TBST, and the signal was visualized with a chemiluminescent enhanced chemiluminescent (ECL) detection system (Santa Cruz Biotechnology Inc.).

Statistical analysis
--------------------

Results were expressed as mean ± standard deviation. Statistical analyses were performed by using Student's *t*-test. Values of *P*\<0.05 were considered statistically significant.

Results and discussion
======================

As shown in [Figure 1](#f1-ijn-9-3987){ref-type="fig"}, VP16-SLNs were discrete spheres ranging from 30 nm to 50 nm in diameter as characterized by TEM ([Figure 1A](#f1-ijn-9-3987){ref-type="fig"}). Dynamic light scattering (DLS) study showed that the hydrodynamic size of VP16-SLNs was 70±1.2 nm ([Figure 1C](#f1-ijn-9-3987){ref-type="fig"}). It was reasonable that the diameter value detected via DLS was higher than that detected via TEM for the same NPs because DLS figures show the hydrodynamic radius of NPs, which are wet and extended; however, TEM represents the dry and shrunk configuration of NPs. As shown in [Figure 1B](#f1-ijn-9-3987){ref-type="fig"}, the zeta potential of the nanoparticles was −28.4 mV. The DL% and EE% were calculated as high as 36.91% and 75.42%, respectively, as listed in [Table 1](#t1-ijn-9-3987){ref-type="table"}. The DL and EE of VP16 in the VP16-SLNs were considered optimum for further experiments.[@b37-ijn-9-3987]--[@b39-ijn-9-3987] It was found that the curve of VP16-SLNs showed the characteristic absorption peak at 285 nm, which was the same as that for free VP16 ([Figure 2A](#f2-ijn-9-3987){ref-type="fig"}). As shown in [Figure 2B](#f2-ijn-9-3987){ref-type="fig"}, the spectra of free VP16, plain SLNs, and VP16-SLNs were obtained. The bands noted around 3,400 cm^−1^ were derived from the band vibration of O-H. The spectra of VP16 showed the following selected bands: 2,923 cm^−1^ (C-H stretch), 1,770 cm^−1^ (C=O stretch of ester bond), 1,610 cm^−1^ (C=O stretch of carboxyl methyl), and 1,110 cm^−1^ (C-O-C stretch), as well as the bands at 1,487 cm^−1^, which correspond to the C=C stretching in the backbone of the aromatic phenyl ring. Meanwhile, the spectra of plain SLNs showed characteristic peaks: 1,610 cm^−1^ (C=O stretch of carboxyl methyl), 2,930 cm^−1^, and 2,850 cm^−1^ due to C-H stretching vibration. These data suggested that VP16 was well encapsulated by SLNs, as all of the characteristic peaks for free VP16 were also identified in the VP16-SLNs. The X-ray powder diffraction study was further carried out to explore the nature of VP16 after encapsulation into SLNs ([Figure 2C](#f2-ijn-9-3987){ref-type="fig"}). The pure VP16 exhibited sharp peaks in the range of 10°--35°, which implied a highly crystalline structure; however, this characteristic was not observed in VP16-SLNs, which indicated that VP16 entrapped in the lipid core of SLNs was in amorphous or disordered-crystalline phase.[@b40-ijn-9-3987],[@b41-ijn-9-3987] This disordered-crystalline phase of VP16 inside the NPs helps in its sustained release from the VP16-SLNs. The presence of drug in crystalline form inside NPs hampers its release as such large sized molecules cannot diffuse from the small pores. However, the amorphous or disordered-crystalline phase of the drug can allow for easy diffusion through the SLNs, leading to a sustained release of the encapsulated drug.[@b36-ijn-9-3987],[@b42-ijn-9-3987],[@b43-ijn-9-3987]

[Figure 3](#f3-ijn-9-3987){ref-type="fig"} presents the photographs of free VP16, plain SLNs, and VP16-SLNs in PBS (0.01 M, pH 7.4), which were recorded after standing for 10 minutes, 3 hours, and 6 hours. It can be seen that both plain SLNs and VP16-SLNs dispersed stably in PBS, and little sedimentation of the particles was observed after standing for 6 hours. In contrast, the free VP16 added to PBS began to be precipitated and aggregated in the initial 10 minutes, and most parts of the sample still precipitated at the bottom of the tube after standing for 6 hours, even though there was a trace amount of dissolution. Therefore, the embedding of VP16 into SLNs was an effective means of improving the dispersion and stability of the drug in an aqueous suspension.

When observing the in vitro release profile, we observed a biphasic release pattern of the entrapped VP16 from the VP16-SLN formulation ([Figure 4](#f4-ijn-9-3987){ref-type="fig"}). The drug-release mechanism could belong to drug diffusion, polymer matrix swelling, and the polymer erosion or degradation. Under the experimental conditions, VP16-SLNs possessed a sustained drug release over a period of 60 hours. The initial fast drug release could be ascribed to those drugs located on or near the surface of NPs, while the slow and sustained release could be attributed to the diffusion of drug molecules through the lipid matrix of SLNs. Both burst drug release and sustained drug release are important; burst release can be useful for improving the penetration of a drug, while sustained release can be beneficial for drugs with irritation effects at high concentrations.

[Figure 5A](#f5-ijn-9-3987){ref-type="fig"} shows the viability of SGC7901 cells treated with SLNs, VP16, and VP16-SLNs at various concentrations, for 24 and 48 hours respectively. Both free VP16 and VP16-SLNs could significantly suppress SGC7901 cell proliferation in a dose- and time-dependent manner. While at the same concentration, VP16-SLNs showed significantly higher inhibition rates compared to free VP16. The average residual SGC7901 cells remained about 40% after being treated with the VP16 for 48 hours, while only 10% with VP16-SLNs. Obviously, VP16-SLNs showed higher suppression efficiency than free VP16. It is possible that good dispersity and stability of VP16-SLNs in an aqueous solution ([Figure 3](#f3-ijn-9-3987){ref-type="fig"}) could facilitate greater cellular uptake compared to free VP16. In parallel, the plain SLNs demonstrated no significant inhibitory effect.

To investigate whether VP16-SLNs induced significant DNA fragmentation in comparison to free VP16, genomic DNA was isolated from the treated SGC7901 cells and electrophoresed ([Figure 5B](#f5-ijn-9-3987){ref-type="fig"}). The results clearly showed that DNA isolated from VP16-SLN-treated cells exhibited a strong DNA smear and 180 bp DNA fragments, which were typical of apoptosis, while free VP16 showed a very faint DNA smear. Thus, it could be concluded that VP16-SLNs were more active than free VP16. The plain SLNs showed effects similar to those of the untreated control. As shown in [Figure 5C](#f5-ijn-9-3987){ref-type="fig"}, cell nuclei were round and homogeneously stained in control and plain SLN groups; however, VP16-(20 μg/mL) treated SGC7901 cells showed some marked nuclei blebbing and apoptotic bodies. The morphological changes of cell nuclei were more obvious in the VP16-SLN group, indicating that the apoptotic effects were enhanced.

Annexin-V/PI staining is a more sensitive method for detecting apoptosis. Early apoptosis was characterized by plasma membrane reorganization and was detected by positive staining for annexin V-FITC, while later stage apoptosis indicating DNA damage showed positive staining for both annexin V and PI.[@b44-ijn-9-3987] SGC7901 cells were treated with 20 μg/mL of VP16-SLNs as well as with free VP16 for 24 hours prior to FACS analysis; meanwhile, cells without any additives were set as controls. As shown in [Figure 6](#f6-ijn-9-3987){ref-type="fig"}, both early apoptotic and later apoptotic cell populations increased and VP16-SLNs showed a 13.49% higher extent of apoptosis as compared to the free VP16 drug, while the plain SLNs showed a negligible effect, which was almost the same as that of controls.

VP16 has already been shown to influence cell cycle distribution in various kinds of cells.[@b45-ijn-9-3987],[@b46-ijn-9-3987] [Figure 7](#f7-ijn-9-3987){ref-type="fig"} shows the cell cycle histograms of SGC7901 cells treated with VP16-SLNs and free VP16 solution at identical concentrations (20 μg/mL) for 24 hours. The flow cytometry assay showed that VP16-SLNs and free VP16 solution could arrest SGC7901 cells specifically at G2/M phase cell cycle. Following exposure to free VP16 and VP16-SLNs at 20 μg/mL for 24 hours, the percentage of cells in G2/M phase were 12.35% and 17.13%, respectively, both higher than that of the control group (8.07%). These data suggested that VP16-SLNs showed more significant cell cycle arrest effect at G2/M phase in SGC7901 cells compared to free VP16 solution at the same concentration.

In fit cells, JC-1 is more concentrated in the mitochondria matrix (driven there by the ΔΨ), where it forms red-emitting aggregates, while, in apoptotic cells, it is in the cytosol (due to the ΔΨ decrease), where it exists as a green-fluorescent monomer. Accordingly, the ratio of red to green JC-1 fluorescence can be used as a sensitive measure of ΔΨ.[@b47-ijn-9-3987] Disruption of ΔΨ, a hallmark of cytochrome c translocation and the start of the apoptotic process, is indicated by a loss of red fluorescence and an increase in green fluorescence. As shown in [Figure 8](#f8-ijn-9-3987){ref-type="fig"}, both confocal microscopy and FACS study revealed that VP16, when it was entrapped by SLNs, presented a significant decrease of the mitochondrial membrane potential (ΔΨ). This result suggests that VP16-SLNs might induce apoptosis through the mitochondria-involved apoptosis pathway.

The cellular uptake of free VP16 and VP16-SLNs by SGC7901 cells is shown in [Figure 9](#f9-ijn-9-3987){ref-type="fig"}. Free VP16 ([Figure 9A--C](#f9-ijn-9-3987){ref-type="fig"}) and VP16-SLNs ([Figure 9D--F](#f9-ijn-9-3987){ref-type="fig"}) passed through the cell membrane of SGC7901 cells and assembled in the nucleus at the predetermined points of 1, 4, and 8 hours. These results demonstrate that cellular uptake in SGC7901 cells is time-dependent, and the efficient cellular uptake of VP16-SLNs is higher than that of free VP16. It could also be seen that the SLN carriers could aggregate around the nucleus (blue fluorescence) and even directly intrude into the nucleus ([Figure 9Fc](#f9-ijn-9-3987){ref-type="fig"}). These results suggest that VP16-SLNs may induce apoptosis through enhanced cellular uptake.

It has been demonstrated that the mitochondria-mediated apoptosis pathway played an important role in VP16-induced apoptosis.[@b48-ijn-9-3987],[@b49-ijn-9-3987] DNA damage induced by VP16 has been shown to activate p53 activity. As the activation of p53 increases, Bax synthesis and the translocation of Bax to the mitochondria induces the mitochondrial permeability transition, the event that releases cytochrome c and culminates in the death of the cells.[@b50-ijn-9-3987] It is known that cytochrome c releases from mitochondria into the cytosol, binds to the apoptotic protease-activating factor complex, and triggers the activation of cell-death signaling molecules such as caspase-9, caspase-3, and caspase-7.[@b51-ijn-9-3987] As shown in [Figure 10](#f10-ijn-9-3987){ref-type="fig"}, the results indicate that VP16-SLNs induce higher p53 activation than free VP16. Furthermore, we observed a significant increase in the marked fraction of cytochrome c released from the mitochondria of VP16-SLN-treated cells as compared to those treated with free VP16. Also, VP16-SLNs induce a greater increase in the activities of caspase-9, caspase-3, and caspase-7. Altogether, based on the results from our present study, it is clear that VP16-SLNs induce higher apoptosis of SGC7901 cells through the mitochondria-mediated apoptotic pathway ([Figure 11](#f11-ijn-9-3987){ref-type="fig"}).

Conclusion
==========

The present study described the impact of the lipophilic drug delivery system of SLNs on improving the bioefficacy of a poorly soluble anticancer agent (VP16). The simple, economical, and reproducible preparing method could result in consistent production of smaller-sized VP16-SLNs with DL and EE. The in vitro release profile and stability data indicate that SLNs could provide sustained release of the drug and excellent physical long-term stability. VP16-SLNs also displayed an improved in vitro cytotoxicity as well as improved apoptotic effects and cellular uptake compared to free VP16 in SGC7901 cells. Also, it was demonstrated that VP16-SLNs induced a higher apoptosis ratio of SGC7901 cells through activating the mitochondria-mediated apoptosis pathway. Based on these interesting results, we can conclude that VP16-SLNs might be a good nanoformulation for the treatment of gastric carcinoma.
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![Transmission electron microscopy image (**A**), zeta potential distribution (**B**), and particle size distribution of VP16-SLNs (**C**).\
**Abbreviation:** VP16-SLNs, VP16-loaded solid lipid nanoparticles.](ijn-9-3987Fig1){#f1-ijn-9-3987}

![UV-vis spectra (**A**), FTIR spectra (**B**), and XRPD pattern (**C**) of free VP16, plain SLNs, and VP16-SLNs.\
**Abbreviations:** FTIR, Fourier transform infrared; SLNs, solid lipid nanoparticles; UV-vis, ultraviolet-visible; VP16-SLNs, VP16-loaded SLNs; XRPD, X-Ray powder diffraction.](ijn-9-3987Fig2){#f2-ijn-9-3987}

![Sedimentation photographs of free VP16, plain SLNs, and VP16-SLNs in PBS (0.01 M, pH 7.4) after standing for 10 minutes, 3 hours, and 6 hours.\
**Abbreviations:** PBS, phosphate buffered saline; SLNs, solid lipid nanoparticles; VP16-SLNs, VP16-loaded SLNs.](ijn-9-3987Fig3){#f3-ijn-9-3987}

![In vitro release profile of VP16-loaded solid lipid nanoparticles.\
**Notes:** Drug release study was performed at 37°C under shaking (100 rpm) using a dialysis membrane bag containing phosphate buffered saline (0.01 M, pH 7.4) as a sink solution. Results shown as mean ± standard deviation; n=3.](ijn-9-3987Fig4){#f4-ijn-9-3987}

![The effect of VP16-SLNs on the proliferation, genomic DNA, and nuclear morphology at SGC7901 cells.\
**Notes:** (**A**) In vitro cytotoxicity studies of VP16-SLNs after (a) 24 hours and (b) 48 hours. Data represents the mean ± standard deviation (n=4 wells) and represent one of three similar experiments. (**B**) Effect of VP16 and VP16-SLNs (20 μg/mL, 24 hours) on DNA damage in SGC7901 cells. The data represent one of three similar experiments. (**C**) Influence of VP16 and VP16-SLNs on the nuclear morphology of SGC7901 cells. The top row of images are captured in bright field. Data are representative of one of three similar experiments, and the magnification of the images was 30× taken on Olympus 1×60 inverted microscopes (Olympus Corporation, Tokyo, Japan).\
**Abbreviations:** SLNs, solid lipid nanoparticles; VP16-SLNs, VP16-loaded SLNs.](ijn-9-3987Fig5){#f5-ijn-9-3987}

![FACS analysis of SGC7901 cells stained with annexin V-FITC and PI.\
**Abbreviations:** FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; FL1-H, FL1-height; FL2-H, FL2-height; LR, early apoptosis; PI, propidium iodide; UR, late apoptosis; VP16-SLNs, VP16-loaded solid lipid nanoparticles.](ijn-9-3987Fig6){#f6-ijn-9-3987}

![Effect of plain SLNs, VP16, and VP16-SLNs on the cell cycle distribution of SGC7901 cells.\
**Notes:** (**A**) Control. (**B**) Plain SLNs. (**C**) VP16, 20 μg/mL. (**D**) VP16-SLNs, 20 μg/mL. (**E**) Ratio of G2/M phase of cells treated. The various phases of the cell cycle were evaluated by flow cytometry. Both VP16-SLNs and free VP16 induced SGC7901 cell cycle arrest at the G2/M, while VP16-SLNs showed a stronger effect. Data were expressed as mean ± standard deviation. \**P*\<0.05 versus control, \*\**P*\<0.01 versus control.\
**Abbreviations:** FL2-A, FL2-area; PI, propidium iodide; SLNs, solid lipid nanoparticles; VP16-SLNs, VP16-loaded SLNs.](ijn-9-3987Fig7){#f7-ijn-9-3987}

![Effect of plain SLNs, VP16, and VP16-SLNs on the mitochondrial membrane potential of SGC7901 cells.\
**Notes:** CLSM studies: (**A**) Control; (**B**) Plain SLNs; (**C**) VP16, 20 μg/mL; (**D**) VP16-SLNs, 20 μg/mL. FACS studies: (**E**) Control; (**F**) Plain SLNs; (**G**) VP16, 20 μg/mL; (**H**) VP16-SLNs, 20 μg/mL. The mitochondria-specific dye, JC-1, was excited at 488 nm by argon-ion laser sources and detected separately at 530 nm and 590 nm for JC-1 monomer with green fluorescence and JC-1 aggregates with red fluorescence, respectively. Apoptotic cells mainly show green fluorescence, while healthy cells show red and green fluorescence (yellow when merged), making JC-1 suitable for the detection of mitochondrial damage.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; FACS, fluorescence-activated cell sorting; SLNs, solid lipid nanoparticles; VP16-SLNs, VP16-loaded SLNs.](ijn-9-3987Fig8){#f8-ijn-9-3987}

![Intracellular trafficking of VP16 and VP16-SLNs by confocal laser scanning microscopy in SGC7901 cells after 1, 4, and 8 hours of incubation.\
**Notes:** Blue color is for nuclear stain DAPI, green color is for FITC. Parts (**A**), (**B**), and (**C**) represent cells treated with VP16, and parts (**D**), (**E**), and (**F**) represent cells treated with VP16-SLNs.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; VP16-SLNs, VP16-loaded solid lipid nanoparticles.](ijn-9-3987Fig9){#f9-ijn-9-3987}

![Influence of plain SLNs, VP16, and VP16-SLNs on the expression of important proteins involved in the initiation of apoptosis.\
**Notes:** SGC7901 cells were treated with 20 μg/mL of plain SLNs, VP16, and VP16-SLNs for 24 hours. + indicates adding of the corresponding materials, and - indicates no adding of the corresponding materials. β-actin was used as internal control to represent the same amount of proteins applied for sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Specific antibodies were used for detection of p53, cytochrome c, caspase-9, caspase-3, and caspase-7. Data are representative of one of three similar experiments.\
**Abbreviations:** SLNs, solid lipid nanoparticles; VP16-SLNs, VP16-loaded SLNs.](ijn-9-3987Fig10){#f10-ijn-9-3987}

![Schematic representation of molecular mechanism of VP16-SLNs in enhancing the inhibitory effect on gastric cancer.\
**Abbreviations:** ΔΨ↓, the decrease of the ΔΨ; Cyt c, cytochrome c; EPR, enhanced permeability and retention; VP16-SLNs, VP16-loaded solid lipid nanoparticles.](ijn-9-3987Fig11){#f11-ijn-9-3987}

###### 

Effect of dosage on the DL% and EE%

  Number   Dosage (g)   DL (%)   EE (%)
  -------- ------------ -------- --------
  1        0.05         18.14    85.78
  2        0.10         24.56    80.50
  3        0.15         36.91    75.42
  4        0.20         36.21    70.20

**Abbreviations:** DL, drug loading; EE, entrapment efficiency.
